Introduction
Along the coasts of the Mexican Pacific, four species of commercial shrimp are distributed: the brown shrimp Farfantepenaeus californiensis (Holmes, 1900) , the white shrimp Litopenaeus vannamei (Boone, 1931) , the crystal shrimp Farfantepenaeus brevirostris (Kingsley, 1878) and the blue shrimp Litopenaeus stylirostris (Stimpson, 1871) . In the Gulf of Tehuantepec, the shrimp capture is in fishing zone 90, located between Punta Chipehua near Salina Cruz, Oaxaca (16º 10'N and 95º 11'W) and Puerto Chiapas, Chiapas (14º 41'N and 92º 24'W). The fishing zone 90 is composed of five sub-sectors, with an approximate distance of 143 km between these sub-zones and a total area of 5,988 km 2 of continental platform (Sepúlveda & Soto 1991) . A great number of salt marshes and coastal lagoons are located along the coastline, of which the most important are 'El Sistema Lagunar Huave' in Oaxaca and 'La Laguna del Mar Muerto', shared by the states of Oaxaca and Chiapas (Reyna-Cabrera & Ramos-Cruz 1998) (Fig. 1 ).
The marine shrimp fishery is regulated through a closure system from three to four months per year (from May/June to August). Ships operate from five to 40 fathoms (i.e., 9.1 to 72.8 m), using trawl nets with light mesh of 57.15 mm (Instituto Nacional de la Pesca 2004). The total capture is dominated by brown shrimp (57%), while white and blue shrimp represent 37% and 6%, respectively (Instituto Nacional de la Pesca 2005).
To model the annual variation of the abundance of brown shrimp in the Gulf of Tehuantepec, a new method was proposed. The correlation obtained between the abundance values by age groups of brown shrimp and a multivariate classification technique were used to obtain a new classification of these age groups within two population indices: the abundance of recruits or FR index, and the abundance of spawners or DR index. The fishing mortality rate (F) for each age group was estimated to identify the overfished age groups, as well as those that were underfished or with a recommendable abundance level in the natural population. The underfished age groups were considered very important to maintain the fishery continuity. This work does not include a detailed discussion of the effect of the environmental variability on annual abundance variation of the population indices, because this is included in other work developed by the authors 1 . The methodological process for obtaining the annual abundance variation FR and DR is the main objective of this article.
Material and methods
Monthly commercial catch data of the brown shrimp classified by categories (10-14, 15-20, 21-25, 26-30, 31-35, 36-40, 41-50, 51-60 and 60 abdomens by pound) were used. This information was obtained in the fishing zone 90 from the Gulf of Tehuantepec, from 1989 to 1998, and it was provided to the Universidad del Mar in Puerto Angel, Oaxaca, Mexico, by the Centro Regional de Investigación Pesquera (CRIP) of Salina Cruz, Oaxaca, Project CRIP-UMAR: 2IR043.
The categories and the technique proposed by Gracia (1991) were used to obtain the total number of brown shrimp cohorts and the monthly abundance or number of shrimp captured by age groups. The technique was adapted for F. californiensis, considering combined sexes, because data for separate sexes were not available in the comercial catch. The process to follow is:
1. I assumed that the registries of the abdomens weight within each category are distributed normally Z(0, 1). The probability of the weight of each abdomen P(a) was estimated using the average and the standard deviation that resulted in each category.
2. The division of the total weight of a category between its corresponding sum of P(a) generates a conversion factor. The factor was multiplied by P(a) and divided by the frequency of each abdomen to obtain the estimate of the total number of shrimp by unit of abdominal weight. This process was applied every month during the period of study.
3. The parameters of F. californiensis reported by Chávez (1979) (L ∞ = 242 mm, t o = -0.344, k = 0.186 and W ∞ = 220 g) were used to estimate the age of shrimp by unit of abdominal weight. The previous process generated a capture matrix whose dimensions were: 120 rows (r), or total number of age-cohorts, and 14 columns (q), or total number of age groups (between three and 16 months of age). A cohort, or a year-class, is a group of organisms that were spawned in the same year (Quinn & Deriso 1999 ). An age group is a group of organisms of the same age, but of different cohorts (Sparre & Venema 1995) .
The natural mortality rate (M) reported by RamosCruz et al. (2006) in the marine phase of the brown shrimp from the Gulf of Tehuantepec between 1989 and 1998, was used to calculated the virtual population analysis (VPA). M was estimated at 0.22 monthly, i.e., from 100 shrimps, 22 died monthly of natural causes.
Based on the VPA and the age-cohort analysis of Pope (1972) , the capture matrix was used to model the annual abundance variation of recruits and spawners in each cohort for each age group in the past months and years.
The interaction of the F. californiensis population with other natural populations in the Gulf of Tehuantepec was not considered; nevertheless, the natural mortality rate estimated by Ramos-Cruz et al. (2006) was used to cover deaths by predation, disease and death due to old age (density dependent mortality) and deaths caused by environmental variability (density independent mortality). In this work, the natural mortality rate was assumed to be constant during the fishable life of all age-cohorts.
The VPA generated an abundance matrix (X VPA ) with the same dimensions of the capture matrix. The VPA calculates past stock abundances (abundance matrix) based on past catches (capture matrix). The X VPA matrix was standardized based on the normal probability distribution using the number of columns or age groups. The function for this purpose is:
When applying function 1 on X VPA matrix, the standardized matrix (Z VPA ) was obtained with the same dimensions as X VPA . The Z VPA matrix and the functions proposed by Pielou (1984) were used to obtain the correlation matrix between the age groups previously mentioned. The functions are: where:
r is the age-cohort q is the age group Z xrq is the standard value of the abundance in month x of the cohort r at the age q G xrq is the value of the virtual abundance in month x of the cohort r at the age q G q is the average of the virtual abundance of the age group q σ q is the standard deviation of the virtual abundance of the age group q where:
CSPC is the sum of squares of the cross products matrix Z' AVP is the transpose of Z AVP matrix m_corr. is the correlation matrix r is the total number of age-cohorts or rows of the Z VPA matrix Following the procedure described by Hair et al. (1999) , a principal components analysis (PCA) was applied to the correlation matrix obtained with function (3). Considering the correlation obtained between the abundance values by age groups of brown shrimp, the PCA was used to obtain a new classification of these groups within two population indices: the abundance of recruits, or FR index, and the abundance of spawners, or DR index. Based on the theoretical arguments of the PCA described by Hair et al. (1999) , the significant factor loading values greater than or equal to 0.7 was used to identify the most important age groups within each population index. Factor loading is the correlation between the principal component and the variables (Hair et al. 1999) . The factor loading represents the most important information on which the interpretation of PCA is based (Uriel 1995).
Once significant age groups were chosen within each population index, two linear functions were obtained by the PCA in order to model the annual abundance variation of the population indices. The functions are:
where:
FR is the abundance of recruits of F. californiensis DR is the abundance of spawners of F. californiensis λ i is the linear coefficient or eigen-vector estimated for each age group (G xrq ) with significant factor loading in each population index (i). G xrq is the value of the virtual abundance in the month x of the cohort r at the age q Vol. 43, Nº1, 2008 To validate the presence of all age groups selected within each population index, I considered the biological characteristics of Penaeus life cycle, described by Gracia et al. (1997) , and the annual variation of the massive egglaying of mature brown shrimp females in phase IV, reported by the Instituto Nacional de la Pesca (2004) Table 1 shows the general procedure to obtain the annual abundance variation of FR and DR.
The VPA was used in order to obtain the fishing mortality rate (F) for each age group. F values were used to identify the overfished age groups, as well as those that were underfished in the natural population.
Results
Two principal components were extracted by the PCA: Cp1 with an eigen-value of 6.79 and Cp2 with an eigenvalue of 1.95. The variance obtained for both components was 62.49 %. Cp1 presented significant factor loading in the age groups of 6, 7, 8, 9, 10 and 11 months, while in Cp2, significant factor loading was obtained in the age group of four months ( Table 2 ).
The fishery mortality rate (F) presented a sustained increase from four (F 4 = 0.18 monthly) to 16 (F 16 = 1.66 monthly) months of age. I observed a low fishery mortality rate (F) in the age group of three months (F 3 = 0.02 monthly) (Fig. 2) . This estimation suggests that this age group was partially recruited to the fishery, and for this reason, the PCA did not show significant factor loading in any of the extracted components (Table 2) . Table 1 General procedure to obtain the annual abundance variation of recruits and spawners of F. californiensis in the Gulf of Tehuantepec Proceso general para obtener la variación anual de la abundancia de reclutas y reproductores de F. californiensis en el Golfo de Tehuantepec Table 2 Values of factor loading obtained by PCA for each age group in Cp1 (DR index) and Cp2 (FR index). The values of factor loading greater than or equal to 0.7 are significant (P<0.05)
Valor de carga factorial obtenidos por el ACP para cada grupo de edad en Cp1 (índice DR) y Cp2 (índice FR). Los valores de carga factorial mayores o iguales a 0,70 son significativos (P<0,05)
FR is the abundance of recruits of F. californiensis, DR is the abundance of spawners. Letter G sub index q is equal to G xrq included in functions 1 and 4
In the principal component Cp1, the age groups of 12, 13, 14, 15 and 16 months did not show significant factor loading (Table 2, Fig. 2 ). The age groups from 12 to 16 months are shrimp with a high reproductive potential in the natural population (Chávez 1979 , Sierra 1993 , Reyna-Cabrera & Ramos-Cruz 1998 , Instituto Nacional de la Pesca 2004 . Nevertheless, I observed that their abundance within the natural population was reduced and their contribution to the reproductive potential of this species seemed to mask the high levels of the fishery mortality rate to which they were subjected (between 0.88 and 1.66 monthly) (Fig. 2) . For this reason, I considered that the age groups from 12 to 16 months were overfished in the Gulf of Tehuantepec from 1989 to 1998.
In the principal component Cp1, the fishery mortality rate estimated for age groups from six to 11 months was lower in comparison with the groups from 12 to 16 months of age in the same component (between 0.42 and 0.81 monthly) (Fig. 2) . For this reason, the age groups from six to 11 months were considered underfished in the Gulf of Tehuantepec between 1989 and 1998.
Underfished F. californiensis age groups in natural population were used with a significant factor loading in the components Cp1 and Cp2 in order to obtain the FR and DR indices (Fig. 2 and Table 2 ). To calculate the FR index of brown shrimp the group of four months was used because this age group was underfished and it obtained a significant factor loading in the component Cp2. To obtain the DR index of brown shrimp the groups from six to 11 months were used because these age groups were underfished and they obtained a significant factor loading in the component Cp1. According to the F analysis (Fig.  2) , the age groups that were underfished in the natural population were considered very important to maintain the continuity of F. californiensis fishery in the Gulf of Tehuantepec from 1989 to 1998.
The annual abundance variation of F. californiensis recruits and spawners was modeled using the following linear functions obtained by the PCA:
Figure 2
Monthly fishery mortality rate (F) estimated for all age groups in FR and DR . The continuos line with rectangles represent F, the continuos line with triangles represents the factor loading of the FR index and the discontinuous line with circles represents the factor loading of the DR index Tasa mensual de mortalidad por pesca (F) estimada para todos los grupos de edad en FR y DR . La línea continua con rectángulos representa F, la línea continua con triángulos representa las cargas factoriales del índice FR y la línea discontinua con círculos representa las cargas factorales del índice DR where:
FR is the abundance of F. californiensis recruits DR is the abundance of F. californiensis spawners Letter G sub index number is equal to G xrq included in functions 1 and 4
The constants are the linear coefficient or eigen-vector (λ) estimated for each age group G xrq in FR and DR.
According to (6), the abundance of brown shrimp recruits showed maximums during August 1989 , 1990 and 1993 , July 1991 , 1994 and 1996 , May 1992 , April 1995 and September 1997 and minimums in January of each year (Fig. 3) . According to (7), the abundance of brown shrimp spawners presented maximums during November 1989 , December 1990 and 1993 , October 1991 , 1994 and 1996 , August 1992 and January 1996 and 1997 ; and minimums in April and May of each year (Fig. 3) . Based on these results, the abundance of recruits was higher than the spawners from July to August/ September whereas the abundance of spawners was higher than the recruits from October to January. The abundances were estimated in number of recruits and spawners x 10 4 . A four-months dephase was observed between the maximum abundance of FR and DR.
Discussion
Knowledge of the annual abundance variation of recruits and spawners is critical to the management of all fisheries (Penn & Caputi 1986 ). For an organism whose age cannot Cervantes-Hernández Abundance of brown shrimp from the Gulf of Tehuantepecbe accurately estimated (such as penaeid shrimp), the length-cohort and age-cohort methods can identify the recruitment and spawning patterns in natural populations (Watson et al. 1996) . Nevertheless, Ye (2000) indicated that for all the shrimp fisheries, accurate commercial catch-at-age data are not available in most cases. For this reason, the abundance of recruits and spawners is modeled together most often using a relative abundance index, the catch per unit of effort (CPUE).
CPUE was not employed here because the main objectives of this work were to model separately the annual variation of the abundance of recruits and spawners of F. californiensis, as well as to understand the effects of exploitation on the age groups that were used to calculate the population indices (FR and DR).
In the Pandalus jordani stock from the coast of Oregon, U.S.A., Hannah (1999) obtained indices of recruits and spawners specifically between April-May and September-October from 1979 to 1996 (at a value of M = 1.15 monthly). The recruits' index was obtained by adding two components: a) an estimate of the abundance of two year old shrimp, obtained of the CPUE between April and May (year t) and b) a sum of the CPUE of the one year old shrimp during the previous year (t-1). The author used the same age groups to estimate the spawners' index with an average of the CPUE from September to October. The maximum abundance of recruits was observed in April, whereas, the maximum abundance of the spawners was observed from September to October.
I believe that Hannah's method (1999) is apparently an improvement over the swept area model described by Sparre & Venema (1995) . The abundance indices obtained by Hannah based on the CPUE did not consider other age groups of P. jordani rather only older shrimp of one and two years were considered. In the California shrimp fishery, Lo (1978) indicated that these age groups have been reported completely recruited to the fishery. For this reason, I consider that the indices obtained by Hannah do not describe the process of recruiment of the young shrimp that are beginning to be exploited in the marine environment. Nevertheless, the author obtained interesting results based on the age groups completely recruited to the fishery, due to the fact that the work of Hannah was supplemented with an analysis of the percentage of egg-laying of mature P. jordani females in the last months indicated. Based on this, Hannah (1999) indicated that April was a critical month for larval survival and from September to October the larval survival was greater.
The association between the maximum abundance of spawners and the massive egg-laying of mature females in the shrimp fisheries from the Gulf of Mexico was reported by Gracia et al. (1997) . This author indicated that the massive egg-laying of mature females in the natural populations of shrimp generally coincide with an increase in the abundance of spawners in the marine environment.
To explain the association described by Gracia et al. (1997) in F. californiensis, the report of the Instituto Nacional de la Pesca (2004) was used, which describes the massive egg-laying seasons of mature brown shrimp females in phase IV in the Gulf of Tehuantepec from 1982 to 2002. Phase IV in the shrimp of the genus Penaeus is characterized by dark colored mature ovaries and an empty gonadal mass (Sandoval-Quintero & Gracia 1998).
The Intituto Nacional de la Pesca (2004) reported a higher percentage of egg-laying of brown shrimp mature females in phase IV from October to January. The maximum abundance of spawners was also obtained during these dates. On the other hand, the lowest percentage of egg-laying of brown shrimp mature females in phase IV was observed from July to September. The minimum abundance of spawners was also obtained during these same dates (Fig. 3) . Variación anual de la abundancia de los índices poblacionales FR y DR de F. californiensis entre 1989 y 1998 en el Golfo de Tehuantepec. La línea negra es el índice de la abundancia de reclutas y la línea gris es el índice de la abundancia de reproductores Solana-Sansores et al. (1989) modeled the seasonal abundance changes of Farfantepenaeus aztecus in the northwestern Gulf of Mexico using the monthly values of the number of organisms by age groups from 1974 to 1982. The data were first analyzed with VPA and later with the PCA in order to obtain two population indices: the recruits' strength and adults' density. The recruits' strength was calculated based on the age groups from three to seven months; while the adult density was calculated considering the age groups between eight and 12 months. The maximum abundance of the recruits' strength was observed during the summer, while the maximum adults' density was observed during the end of summer and the beginning of autumn.
To validate the presence of all age groups within each index, Solana-Sansores et al. (1989) did not consider the effect of F on the age groups nor the biological characteristics of the life cycle of the shrimp of the Penaeidae family. For this reason, the recruits' strength index presented a classification error because it included age groups of three, five, six and seven months. The three months age group resulted partially recruited to fishery and was underfished in this study. The five and seven months age groups are not considered as recruits according to various authors (Chávez 1974 , Chávez 1979 , Chávez & Arreguín-Sánchez 1982 , Penn & Captuti 1984 , Gracia et al. 1997 , Reyna-Cabrera & Ramos-Cruz 1998 , Instituto Nacional de la Pesca 2004 , Ramos-Cruz et al. 2006 and were underfished in this study.
According to Ricker (1975) , recruitment is a process whereby organisms become potentially vulnerable to fishing as result of growth, change of behavior or movement into fishing areas. Gracia et al. (1997) considered two types of recruitment in the natural populations of shrimp: marine and lagoon. In this article, the marine recruitment is analyzed, and based on the results of fishery mortality rate. It seems that the massive marine recruitment of F. californiensis was shaped by a group of organisms that was beginning to be exploited at an age of four months (F 4 = 0.18 monthly). Studies based on an analysis of the lagoon recruitment in the two coastal lagoons from the Gulf of Tehuantepec (the Sistema Lagunar Huave, Oaxaca and Laguna del Mar Muerto, Oaxaca/Chiapas) (Chávez 1974 , Chávez & Arreguín-Sánchez 1982 , López-Rasgado 2003 , García-Jiménez 2004 , Instituto Nacional de la Pesca 2004 , suggest that the age of F. californiensis recruitment is at four months and that the abundance of brown shrimp within these lagoons decreases between June and October, while it increases in the marine environment due to the recruitment process. This is a biological validation confirming the presence of the four months group in the FR index. Gracia et al. (1997) indicated that the complete life cycle of the Penaeidae shrimp family is approximately between 15 and 18 months. Sexual maturity is generally reached between six and eight months, but the entire population is sexually mature between 10 and 12 months. The age of sexual maturity for F. californiensis from the Mexican Pacífic has been reported at seven months of age (Chávez 1979 , Chávez & Arreguín-Sánchez 1982 , Reyna-Cabrera & Ramos-Cruz 1998 , Intituto Nacional de la Pesca 2004 , Ramos-Cruz et al. 2006 . This is also a biological validation confirming the presence of the age groups between six and 11 months in the DR index.
One additional work has used the FR and DR indices obtained in this article. Sánchez-Meraz (2005) correlated these indices with the annual variation of sea surface temperature (SST) and the concentration of chlorophyll a (Chl a) from 1989 to 1998. SST data were provided by the Physical Oceanography Distributed Active Archive Center (PODAAC) and Chl a data were processed and obtained from Ocean Color and Temperature Sensor (OCTS) and Sea-Viewing Wide Field-of-View Sensor (SeaWIFS) images. SST was correlated (multiple correlation) with both population indices between 1989 and 1998 and additionally, with Chl a, from November 1996 to May 1998. In the first interval, SST had a directly proportional correlation effect to the recruits and inversely proportional to the spawners. The maximum FR abundances were observed between 29.3 and 29.7°C, and the maximum DR abundances were observed from 28.1 to 28.7°C. In the second interval, one maximum FR and two maximums DRs were observed, the first was observed with the SST one degree warmer than that registered during the maximum DRs. Chl a was lower during the maximum FR abundance (0.13 mg m -3 ) and greater during the maximum DRs abundance (0.42-1.10 mg m -3 ). In this interval, SST and Chl a had an inversely proportional correlation effect.
Considering the results obtained by Sánchez-Meraz (2005) and those reported by the Instituto Nacional de la Pesca (2004) , I propose that between October and January (when the maximum abundance of spawners and the higher percentage of egg-laying of mature females in phase IV occurred), larval survival was greater because food was available due to the high levels of chlorophyll a detected in the Gulf of Tehuantepec. On the other hand, from July to August/September (when the maximum abundance of recruits and the lower percentage of egglaying of mature females in phase IV occurred), larval survival was lower because food availability diminished due to the low levels of chlorophyll a observed in the Gulf of Tehuantepec.
Cervantes-Hernández
Abundance of brown shrimp from the Gulf of Tehuantepec
In the Gulf of Tehuantepec, the Instituto Nacional de la Pesca (2005) indicated that the shrimp commercial catch obtained in Salina Cruz, Oaxaca and Puerto Chiapas, Chiapas presented several issues: a) unreported catches due to illegal fishing and presence of the Mexican fishery fleet from the northern states, b) the spatial distribution of the fishing effort in the sea is not in correspondence with the spatial distribution of some shrimp species abundance, c) insufficient knowledge of the annual variation of the abundance, and d) the lack of control over lagoon exploitation from minor fishing fleets. These issues related to the shrimp commercial catch were taken into account. The unreported catches were compensated for VPA (reconstruction of age-cohorts). This method only considered the commercial catch on the high sea. The shrimp lagoon catch was not taken into consideration because in this area of the Mexican Pacific this type of catch is scarce or is not registered.
In spite of the inconveniences associated with the use of the commercial catch data of brown shrimp, the analysis of this database is important for warning and correcting the use and management of the fisheries (Chávez & Arreguín-Sánchez 1982) . The proposed method for estimating abundance indices should be used in order to study the stock-recruitment relationships, the influence of environmental factors on these indices and the establishment of closures in shrimp populations both at national and international levels.
